Developing sensory systems are sculpted by an activitydependent strengthening and weakening of connections. Longterm potentiation (LTP) and depression (LTD) in vitro have been proposed to model this experience-dependent circuit refinement. We directly compared LTP and LTD induction in vitro with plasticity in vivo in the developing visual cortex of a mouse mutant of protein kinase A (PKA), a key enzyme implicated in the plasticity of a diverse array of systems.
Manipulations of visual experience during a critical period in early life perturb the f unctional organization of connections in mammalian visual cortex through a competitive interaction between inputs serving the two eyes and the responses of their target cortical cells (Wiesel and Hubel, 1963; Movshon and Kiorpes, 1990; Shatz, 1990; Hata and Stryker, 1994) . The cellular and molecular basis for this plasticity, however, remains largely unknown. Studies of learning and memory in mature animals provide several promising candidate factors that may contribute to developmental plasticity in vivo (Kandel and O'Dell, 1992) . Most notably, the cAM P second messenger system has been implicated in such diverse systems as transient synaptic facilitation (Ghirardi et al., 1992; Byrne et al., 1993) and persistent structural changes in Apl ysia (Glanzman et al., 1990; Schacher et al., 1993; F. Wu et al., 1995) , synaptogenesis in the pond snail Helisoma (Funte and Haydon, 1993) , olfactory associative learning in fruit flies (Davis, 1993; DeZ azzo and Tully, 1995) , synaptic LTP/LTD Weisskopf et al., 1994; Brandon et al., 1995; Qi et al., 1996) , and hippocampal learning behavior in vertebrates (Bourtchouladze et al., 1994; Z-L Wu et al., 1995; Abel et al., 1997; Bernabeu et al., 1997) . cAMP-dependent protein kinase (PKA) can rapidly modulate synaptic efficacy by phosphorylating ion channels and receptors (Blackstone et al., 1994; Johnson et al., 1994; Colwell and Levine, 1995) and initiate protein synthesis-dependent growth processes by translocating to the nucleus (Spaulding, 1993) .
To investigate a possible role for PKA in ocular dominance plasticity, we turned to a new class of tools provided by recent techniques for manipulating the mouse genome (Grant and Silva, 1994; Mayford et al., 1995) . Rodent models of the plasticity of binocular responses replicate the essential aspects found in other animals: within a clear critical period during which a brief, 4-d deprivation has a saturating effect, visual experience modulates cortical responses through a correlation-based competition between inputs from the two eyes (Draeger, 1978; Fagiolini et al., 1994; . Here, we analyzed visual cortical plasticity in the binocular zone of primary visual cortex (V1) of mice carrying a targeted gene disruption of the RI␤ regulatory subunit of PKA . Inactivation of the neuronal RI␤ subunit gene yields mice whose total PKA catalytic activity is unimpaired, apparently because of a compensatory upregulation of the RI␣ subunit (Amieux et al., 1997) . Neverthe-less, these mice show highly selective impairment in the ability to depress synaptic transmission in the dentate gyrus and CA1 region of hippocampus , and they lack a presynaptic form of LTP in the CA3 region , suggesting an important role for the RI␤ isoform in these functions in vitro. We therefore directly compared experiencedependent plasticity in the intact visual cortex with simple assays of LTP and LTD in neocortical slices commonly thought to reflect the mechanisms of plasticity in vivo (Tsumoto, 1992; Kirkwood et al., 1995 Kirkwood et al., , 1996 Singer, 1995; Katz and Shatz, 1996) .
MATERIALS AND METHODS
In vitro recordings and anal ysis. Mice carrying a targeted disruption of the PK A RI␤ gene were generated as described previously . Coronal slices (400 m) through the binocular zone of the primary visual cortex (V1) were prepared blind to genotype from animals at the peak of the critical period for monocular deprivation effects [postnatal day (P) 24 -33] and maintained at 27-29°C in oxygenated (95%O 2 /5%C O 2 ) artificial C SF containing (in mM): 119 NaC l, 2.5 KC l, 1.3 MgSO 4 , 1.0 NaH 2 PO 4 , 26.2 NaHC O 3 , 2.5 C aC l 2 , 11 glucose. E xtracellular field potentials were recorded with a 1 M NaC l (1-3 M⍀) electrode inserted into layer II / III, and stable baseline responses were evoked by stimulation at 0.1 Hz in layer IV or in the white matter with a glass bipolar stimulating electrode (Hensch and Stryker, 1996) . To induce LTP, five episodes of theta-burst stimulation (TBS) were applied at 10 sec intervals (K irkwood and Bear, 1994a) . Each TBS consisted of four pulses at 100 Hz repeated 10 times at 5 Hz. We attempted to induce LTD and depotentiation using low-frequency stimulation (900 pulses at 1 Hz) (Dudek and Bear, 1993; K irkwood and Bear, 1994b) . At the end of each extracellular field potential experiment, the non-NMDA and NMDA glutamate receptor antagonists C NQX (Tocris) and D-APV (Sigma, St. L ouis, MO) were both applied in the bath to confirm the synaptic nature of the extracellular response. Measurements of the maximum negative field potential amplitude were normalized to the baseline period before theta-burst or low-frequency stimulation and were plotted against the running time of the experiment.
Individual layer II / III cortical or hippocampal CA1 pyramidal cells were recorded with patch electrodes (5-8 M⍀) in the whole-cell voltageclamp mode (Ϫ70mV holding potential, Axoclamp-2B), either using the "blind" technique or under direct visualization with infrared Nomarski DIC optics (Stern et al., 1992) . The pipette solution contained (in mM): 122.5 cesium or potassium gluconate, 17.5 cesium or potassium chloride, 10 H EPES buffer, 0.2 EGTA, 8 NaC l, 2.0 Mg-ATP, 0.3 Na 3 -GTP, and 0.15% biocytin, pH 7.2 (290 -300 mOsm). LTP was induced within 10 min of obtaining whole-cell access by pairing membrane potential depolarization to 0 mV with 100 synaptic stimuli at 1 Hz (Gustafsson et al., 1987; K irkwood and Bear, 1994a; Yoshimura and Tsumoto, 1994) and then monitored at a baseline holding potential of Ϫ70 mV and stimulation at 0.1 Hz. Measurements of EPSC slope were normalized to the baseline period before pairing, and whole-cell input and series resistances were monitored for stability throughout the experiment. EPSC peak amplitudes were used to determine paired-pulse facilitation, expressed as a ratio of the second response size to the first.
In vivo recordings and anal ysis. Electrophysiological procedures have been described in detail elsewhere . In brief, mice were anesthetized with 50 mg / kg Nembutal (Abbott Labs, Irving, TX) and chlorprothixene (0.2 mg, Sigma) and placed in a stereotaxic holder. The animals breathed a mixture of oxygen and room air through a trachea tube, and additional anesthetic doses (0.15-0.25 mg) were administered to maintain a heart rate of 6 -9 Hz. A 5 ϫ 5 mm portion of the skull was removed, exposing the visual cortex, and the intact dura was covered with agarose (2.8% in saline). The corneas were protected with silicone oil, and optic disk locations were projected onto a tangent screen to determine the vertical meridian. Optic disk locations varied only slightly across animals (mean Ϯ SD; elevation ϭ 33.6 Ϯ 5.7; azimuth ϭ 65.0 Ϯ 6.0).
Resin-coated tungsten microelectrodes (2-4 M⍀) were used to record single units from primary (V1) visual cortex, as verified by electrode track reconstructions and histological criteria. Data were obtained from the binocular zone, the region of V1 representing the central 25°of the upper portion of each visual hemifield. Receptive fields of isolated single units were plotted on a screen placed 30 cm from the animal, using a hand-held projection lamp. C ells were assigned ocular dominance scores according to the 7-point classification scheme of Hubel and Wiesel (1962) : a score of 1 indicates response to contralateral eye stimulation exclusively, and a score of 7 indicates purely ipsilateral eye response. Intermediate scores (2-6) reflect the degree of binocular responsiveness. A weighted average of the bias toward one eye or the other, the contralateral bias index (CBI), was calculated for each hemisphere according to the formula: CBI ϭ [(n 1 Ϫ n 7 ) ϩ (2/3)(n 2 Ϫ n 6 ) ϩ (1/3)(n 3 Ϫ n 5 ) ϩ N]/2 N, where N ϭ total number of cells, and n x ϭ number of cells with ocular dominance scores equal to x.
For monocular deprivation experiments, one eyelid margin was trimmed while the mice were under halothane anesthesia, and the lids were sutured shut at P25-27 for 4 d near the peak of the critical period. All recordings were made from the binocular zone of V1 contralateral to the deprived eye, blind to the genotype of the animal. Some recordings were also made blind to deprivation status. For reverse suture experiments, initial and control deprivations were performed without trimming the eyelids (for 5 d beginning P20 -22), to facilitate reopening (for 4 -8 d). Recordings were made from both hemispheres blind to the order in which eyes were deprived. At the end of each experiment, an overdose of Nembutal was given, and the animal was perf used.
Histolog ical anal ysis. For Nissl staining, mice were transcardially perf used with 0.5 M PBS followed by 10% formalin in PBS. After postfixation in formalin, the brain was removed, cryoprotected in 30% sucrose -10% formalin, and cut into 40 m sections on a freezing microtome. Sections were mounted on slides, defatted, and stained with cresyl echt violet (Schmid).
For single-cell reconstructions after whole-cell patch-clamp recordings, slices were fixed in 4% paraformaldehyde for at least 24 hr before cryoprotection and resectioning at 50 m on the freezing microtome. Sections were processed according to standard avidin -biotin complex (ABC) techniques (Vector Laboratories, Burlingame, CA), and biocytin label was visualized by the nickel-intensified diaminobenzidine (Ni-DAB) reaction (Horikawa and Armstrong, 1988) .
RESULTS

Visual cortical morphology and responses in the absence of PKA RI␤
A characteristic six-layered binocular region of primary visual cortex (V1) was observed in PKA RI␤-deficient (RI␤ Ϫ ) mice with pyramidal cells in the supragranular layers bearing many postsynaptic spines ( Fig. 1 A,C) . Stimulation of the underlying layer IV evoked NMDA receptor-gated (NMDA-R) and non-NMDA-Rmediated synaptic currents in these cells, which could be blocked by 50 M D-APV and 10 M CNQX, respectively ( Fig. 1 D) (Stern et al., 1992) . The influx of calcium through NMDA-R channels on dendritic spines is essential for the induction of conventional LTP and LTD in both the hippocampus and neocortex (Tsumoto, 1992; Singer, 1995) . Thus, the visual cortex of RI␤ Ϫ mice apparently expressed synaptic structures required for such plasticity in vitro.
Extracellular recordings of single-unit responses in vivo were obtained blind to genotype from V1 of two RI␤ Ϫ and two wild-type (WT) adult mice. A comparison of receptive field size, retinotopy, orientation selectivity, ocular dominance, and response strength revealed neuronal response properties in WT and RI␤ Ϫ V1 to be indistinguishable. Receptive field size distributions in RI␤ Ϫ and WT animals overlapped considerably, and the mean receptive field size from the RI␤ Ϫ did not differ significantly from WT (5.9 Ϯ 0.1 and 6.4 Ϯ 0.3°, respectively; p ϭ 0.25). A normal linear retinotopic arrangement was revealed by regression analysis of receptive field azimuth on electrode position for both RI␤ Ϫ and WT V1 (Fig. 1 B) . Moreover, the scatter about this relationship was equally low for both genotypes, as demonstrated by the high correlation coefficients. The distribution of ocular dominance scores of cells in the binocular zones of nondeprived RI␤ Ϫ and WT mice was also similar. The contralateral bias index (CBI), a measure of the degree to which the contralat-eral eye dominates the cortex, did not differ significantly for three RI␤ Ϫ and four W T hemispheres (mean CBI ϭ 0.68 Ϯ 0.05 and 0.66 Ϯ 0.04, respectively; p ϭ 0.7; t test). Thus, the primary visual cortex of mice developed apparently normal receptive field size, retinotopy, and ocular dominance in the complete absence of the RI␤ subunit of protein kinase A.
Impaired LTP of extracellular field potentials in PKA RI␤
؊ mice
The ability to generate LTP in supragranular layers of cortex by TBS from the white matter has been proposed to reveal the mechanisms responsible for ocular dominance plasticity, because both phenomena appear to be correlated with age and visual experience (K irkwood et al., 1995, 1996) . We confirmed that activation of NMDA-R was necessary for TBS to generate LTP in slices of visual cortex from WT mice ( Fig. 2 ) (Larson and Lynch, 1988) . Theta-burst stimuli consistently failed to induce LTP in the mutant mice recorded blind to genotype. TBS applied to the white matter of the binocular zone ( Fig. 3A ) potentiated layer II/III field EPSPs in WT (normalized mean Ϯ SEM ϭ 1.23 Ϯ 0.06 at 25 min after TBS; n ϭ 6 slices from four mice) but not RI␤ Ϫ animals (0.96 Ϯ 0.03 at 25 min after TBS; n ϭ 5 slices from three mice; p Ͻ 0.01; t test).
Maturation of inhibition in the cortical circuit has been proposed to underlie the developmental regulation of LTP induction from the white matter (Kirkwood and Bear, 1994a) . To circumvent this hypothetical "plasticity gate," we moved the stimulating electrode to layer IV (Fig. 3B) . Once again TBS induced a robust potentiation in WT (1.23 Ϯ 0.06 at 25 min after TBS; n ϭ 8 slices in seven mice) but not in RI␤ Ϫ mice (1.03 Ϯ 0.03 at 25 min after TBS; n ϭ 11 slices in six mice; p Ͻ 0.01; t test). This was surprising, since LTP induced by high-frequency stimulation is normal in hippocampal area CA1 of these mutants . We therefore applied such a tetanus to the visual cortical slices (four bouts of 100 Hz stimuli for 1 sec, each at 10 sec intervals) (Fig. 3C) . However, this tetanus produced only a brief post-tetanic potentiation that decayed back to baseline in both WT and RI␤ Ϫ mice (1.02 Ϯ 0.03 and 1.01 Ϯ 0.04 at 25 min after 100 Hz, respectively; n ϭ 5 slices from three mice each; p Ͼ 0.1; t test). The failure of a strong tetanus to generate LTP even in wild-type animals was not surprising, because inhibition in the cortical circuit has long been known to curtail plasticity induced by high-frequency stimuli (Artola and Singer, 1987; Bear and Kirkwood, 1993) . Thus, under our conditions TBS was an effective stimulus protocol for neocortical potentiation in vitro, yet it failed to produce LTP in animals lacking PKA RI␤.
LTP induced by pairing in PKA RI␤
Because NMDA-R-dependent LTP in the CA1 region of RI␤ Ϫ hippocampus was reported to be intact and we found functional NMDA-Rs on RI␤ Ϫ cortical cells, we exam- ined f urther the cause of the potentiation defect in neocortex in vitro. LTP induced by TBS in wild-type mouse visual cortex was dependent on NMDA-R activation as in other species, as indicated by its reversible blockade by the selective NMDA-R antagonist D-APV (Fig. 2) (Kirkwood and Bear, 1994a) . We therefore attempted to induce LTP in RI␤ Ϫ mutants by postsynaptic depolarization in whole-cell voltage-clamp mode paired with lowfrequency stimulation of synaptic inputs. This procedure is Ϫ mice. TBS (arrow) applied ( A) to the white matter (n ϭ 6 and 5 slices from 4 and 3 mice, W T and RI␤ Ϫ , respectively) or ( B) directly to layer IV (n ϭ 8 and 11 from 7 and 6 mice, W T and RI␤ Ϫ , respectively) potentiates supragranular field response amplitudes in W T (E) but not RI␤ Ϫ (F) mice recorded blind to genotype. C, More powerf ul tetani (four 1 sec bursts of 100 Hz; arrow) fail to induce LTP in both W T and mutant slices (n ϭ 5 slices from 3 mice each). Representative traces 5 min before and 25 min after conditioning stimuli are shown above each graph. Sample traces during post-tetanic potentiation are also indicated in C. Except for the experiments in B, which were continued to examine depotentiation (compare Fig. 6 A) , glutamate receptor antagonists C NQX (10 M) and D-APV (50 M) were routinely bath-applied to determine the synaptic nature of the field response. C alibration: 0.3 mV, 20 msec for each.
known to directly relieve the magnesium blockade of postsynaptic NMDA-Rs (Gustafsson et al., 1987; K irkwood and Bear, 1994a; Yoshimura and Tsumoto, 1994) . Robust LTP using this pairing protocol could be observed in RI␤ Ϫ mice both in the visual cortex and in the hippocampal CA1 region studied as a control within the same slice, consistent with the original report of intact tetanus-induced LTP in CA1 (Fig. 4) (n ϭ 9 cells from seven mice each). Thus, postsynaptic mechanisms required for LTP induction were preserved in individual pyramidal cells lacking the RI␤ subunit of PK A.
Defect in paired-pulse facilitation in RI␤
In whole-cell current-clamped supragranular pyramidal cells, responses during a theta burst exhibited a sustained facilitation in WT, but decremented strongly in RI␤ Ϫ slices (Fig. 5A ) (n ϭ 10 of 10 cells each). Short-term changes in neocortical synaptic strength that occur during TBS are strongly correlated with the magnitude of LTP subsequently expressed (C astro-Alamancos and Connors, 1996) . To confirm this qualitative impression, we examined paired-pulse facilitation (PPF) with whole-cell voltage-clamp recordings (Andreasen and Hablitz, 1994) . Ascending WT projections from layer IV to II / III exhibited a prominent facilitation only at the shortest interstimulus intervals, in agreement with recent descriptions of intracortical connections (Thomson and Deuchars, 1994; Stratford et al., 1996) . PPF was pronounced at all intervals tested in mutant hippocampal area CA1, as expected from previous extracellular recordings . In RI␤ Ϫ visual cortex within the same slice, however, little or no PPF was observed, even at the shortest interstimulus intervals of 10 ms, which define a theta burst (Fig. 5B ) (n ϭ 8 cells from three mice each; p Ͻ 0.01 W T vs RI␤ Ϫ cortex; t test). This lack of facilitation may have rendered theta-burst stimuli incapable of depolarizing cells sufficiently to activate postsynaptic mechanisms that would yield LTP.
Impaired synaptic depression in RI␤ ؊ mice in vitro
The original report of the PK A RI␤ knockout mouse described an inability to generate LTD in the dentate gyrus and CA1 region of the hippocampus . We found that this impairment was also present in RI␤ Ϫ visual cortex in vitro. Depression (Fig. 6 A) of field EPSPs in the supragranular layers by low-frequency stimulation of layer IV after an earlier TBS (Fig.  3B ) was significantly disrupted in the mutant (normalized mean Ϯ SEM ϭ 0.80 Ϯ 0.05 in WT vs 1.00 Ϯ 0.04 in RI␤ Ϫ at 20 min after 1 Hz stimulation; n ϭ 8 and 11 slices from seven and six mice, respectively; p Ͻ 0.01; t test). Similarly, low-frequency stimulation did not depress naïve, unconditioned synapses in the absence of RI␤ (0.98 Ϯ 0.03 normalized field response 20 min after 1 Hz stimulation; n ϭ 5 slices from three mice) (Fig. 6 B) .
Monocular deprivation and reverse suture in RI␤ ؊ mice in vivo
The absence of LTP and particularly synaptic depression in slices suggested that mutant mice might not exhibit the usual experience-dependent plasticity in visual cortex in vivo. We therefore examined the loss of responses in V1 to stimulation of one eye after a period of occluded vision through that eye. Three mutant and three WT mice underwent monocular deprivation by lid suture for 4 d beginning between P25 and P27. Ocular dominance distributions of neurons recorded blind to genotype from V1 contralateral to the deprived eye revealed significant and similar shifts toward the open, ipsilateral eye in both WT and RI␤ Ϫ mice (Fig. 7) (deprived vs nondeprived t test; p Ͻ 0.04 for each genotype). A second procedure in which recordings were made blind to deprivation status was used for five additional RI␤ Ϫ mice, two deprived and three nondeprived. Only monocularly deprived animals demonstrated a shift in ocular dominance (CBI ϭ 0.41 Ϯ 0.03 in two hemispheres ipsilateral to the deprived eye, and CBI ϭ 0.68 Ϯ 0.06 in five nondeprived hemispheres; t test; p Ͻ 0.002). Thus, f unctional disconnection of input from a deprived eye occurred despite the absence in vitro of several forms of plasticity, including LTP, paired-pulse facilitation, and most notably LTD.
We used a reverse-suture paradigm to demonstrate whether inputs that had previously been made ineffective could again become dominant in vivo (Wiesel and Hubel, 1965) . Because of the overall dominance of the contralateral eye in the normal mouse, the binocular segments of the two hemispheres differ markedly in their responses to the two eyes after monocular deprivation. In the hemisphere ipsilateral to the deprived eye, 75% of the cells are no longer driven at all by stimulation of that eye (Fig. 8 A) , and two-thirds of the few cells that do respond to the deprived eye do so only weakly (ocular dominance group 2). This hemisphere provides suitable conditions for testing whether responses to the initially deprived eye might reemerge after a period of reverse suture. In the hemisphere contralateral to the deprived eye, however, substantial responses to the deprived eye remain after the initial deprivation (Figs. 7, 8 B) . We therefore investigated the effects of reverse suture only in the hemisphere ipsilateral to the originally deprived eye. If as in other species strong responses to the deprived eye in this hemisphere could be restored to the majority of cells by a period of reverse suture, this change would represent an absolute increase in deprived eye responses and could not be merely a result of a loss of input from the originally open eye. Such an activity-dependent increase in response to the deprived eye might be thought to require a mechanism more similar to LTP as studied in vitro than to LTD.
After an initial 5 d deprivation of the ipsilateral eye early in the critical period, few cortical cells in the hemisphere ipsilateral to the deprived eye responded at all to stimuli presented to that eye (Fig. 8 A) (n ϭ 85 cells in three RI␤ Ϫ hemispheres). Responses in this hemisphere to the initially deprived eye reemerged once the eye was opened and the initially open eye was sutured shut for 4 -8 d (Fig. 8C) . The ocular dominance distribution after reverse suture shifted significantly back toward the initially deprived eye Figure 6 . Absence of synaptic depression after low-frequency stimulation in PKA RI␤ Ϫ mice. E xtracellular field potential amplitude was monitored in layer II/ III after low-frequency stimulation (900 pulses at 1 Hz) to layer IV of visual cortex (F, RI␤ Ϫ ; E, W T). A, Renormalized responses after an earlier TBS (compare Fig. 3B ) were depotentiated in wild-type (n ϭ 8 slices from 7 mice) but unchanged in RI␤ Ϫ mice (n ϭ 11 slices from 6 animals). B, L ow-frequency stimulation was similarly ineffective at naïve RI␤ Ϫ synapses (n ϭ 5 slices from 3 mice). Bath application of CNQX (10 M (n ϭ 106 cells from four RI␤ Ϫ animals and 26 cells from one WT mouse; p Ͻ 0.0005; 2 test). Furthermore, the degree of recovery was greater with successively increasing periods after suture reversal (Fig. 8 D) . These data demonstrate a dramatic increase in efficacy of inputs from an initially deprived eye and establish the existence of some mechanism for increasing synaptic strength in RI␤ Ϫ mice in vivo, despite the absence of paired-pulse facilitation and TBS-induced LTP.
DISCUSSION
We have examined visual cortical plasticity in a mouse mutant of protein kinase A, a molecule implicated in many different forms of plasticity. Our results demonstrate an identical reduction in response after monocular deprivation for wild-type mice and those lacking the RI␤ subunit. They f urther show that activitydependent plasticity in vivo in the visual cortex of either genotype can selectively increase the responses to one eye, using a reversesuture procedure. In contrast, profound deficits were found in paired-pulse facilitation, long-term synaptic depression, and TBSinduced long-term potentiation in slices of RI␤ Ϫ visual cortex. Direct pairing of postsynaptic depolarization with presynaptic stimulation, however, elicited LTP in mutant pyramidal cells. These findings have several important implications: first, they argue against an essential role for the RI␤ subunit in visual cortical plasticity in vivo. Second, they demonstrate a possible role for PK A RI␤ in paired-pulse facilitation in visual cortical circuitry and suggest that expression of this form of short-term plasticity is not required for developmental plasticity in vivo. Finally, they illustrate that studies of potentiation and depression of extracellular field potentials in neocortex are not necessarily informative with regard to either postsynaptic LTP mechanisms in vitro or ocular dominance plasticity in vivo.
The role of PKA in visual cortical plasticity in vivo
The peak of the critical period for plasticity has been correlated with cAMP production in the visual cortex (Reid et al., 1996) . Our results do not exclude a role for PKA in ocular dominance plasticity. The PKA holoenzyme is a tetramer composed of a regulatory subunit dimer, which contains the cAMP binding sites, and a single catalytic subunit bound to each regulatory subunit (Spaulding, 1993) . At least four regulatory (RI␣, RI␤, RII␣, RII␤) and two catalytic (C␣, C␤) subunits have been characterized in mice (Cadd and McKnight, 1989) . Although ␣ subunits are ubiquitously expressed, the ␤ isoforms show a more restricted pattern of high expression in the nervous system. Interestingly, disrupting the Drosophila RI␤ homolog alone causes specific defects in olfactory learning (Goodwin et al., 1997) . Because selective inhibitors of the various PKA isoforms are not available, mice carrying deletions of subunits other than RI␤ or in combination should provide valuable insight. Spatially restricted reductions in PKA activity could also be assessed by expressing an inhibitory form of the regulatory subunit of PKA in mice (Abel et al., 1997) . . C, Ocular dominance distribution of cells in RI␤ Ϫ visual cortex recorded ipsilateral to the initially deprived eye ("Lef t" Hemisphere) reveals a strengthening of previously lost inputs after suture reversal for an additional 4 -8 d (P26 -34; n ϭ 106 cells from 4 mice). D, Individually calculated CBIs of ipsilaterally deprived (E, same animals as in A) and reverse-sutured animals (F, same animals as in C) demonstrate the gradual recovery of response, similar to WT (Ⅺ) with increasing duration of suture reversal.
PKA RI␤ and intracortical signaling
Defective paired-pulse facilitation in PK A mutant visual cortex in vitro is consistent with a presynaptic f unction for RI␤. In one view (Zucker, 1989; Fisher et al., 1997) (but see Wang and Kelly, 1996; Bao et al., 1997) , PPF is mediated by residual calcium produced by action potential invasion of the presynaptic terminal bouton that enhances transmitter release to a closely following spike. Changes in intracellular cAM P concentration are tightly coupled to calcium influx (Cooper et al., 1995) , and RI␤ is the regulatory subunit isoform that confers the greatest cAM P sensitivity to PK A (C add et al., 1990) . Our finding that facilitation on the millisecond time scale was disrupted at cortical synapses lacking RI␤ (Fig. 5) is consistent with this interpretation. Stronger tetani were capable of producing only post-tetanic potentiation, a shortterm presynaptic enhancement lasting a few minutes (Fig. 3C ) (Zucker, 1989) , possibly via the upregulated RI␣ subunit, which is activated at three-to sevenfold higher concentrations of cAMP (Cadd et al., 1990; Amieux et al., 1997) . Ultrastructural localization of the various PK A subunit isoforms to the presynaptic terminal or elsewhere will aid in our understanding of their functions in cortical circuitry.
Several additional lines of evidence support a presynaptic role for PK A and RI␤ in synaptic facilitation. Normal presynaptic PK A activity directly modulates the secretory machinery during facilitation (Trudeau et al., 1996) . Thus, it is noteworthy that LTP is defective at the mossy fiber synapse in hippocampal area CA3 but not CA1 of the RI␤ Ϫ mutant studied here . Mossy fiber LTP has recently been shown to be a presynaptic phenomenon mediated by the cAM P pathway Weisskopf et al., 1994) . Presynaptic reductions in neurotransmitter release from primary afferent terminals in the spinal cord and periphery also best explain the decreased inflammation and pain behavior in PK A RI␤ Ϫ mice (Malmberg et al., 1997) . In contrast, postsynaptic PK A activity was preserved in visual cortical pyramidal cells lacking RI␤, because norepinephrine abolished spike frequency adaptation as in W T cells (Madison and Nicoll, 1982; T. Hensch, unpublished observations) .
Interestingly, a gradual loss of facilitation in favor of pairedpulse suppression has been correlated with the end of sensitivity to monocular deprivation in rats (Ramoa and Sur, 1996) . Altered cortical inhibition may contribute to such a decline in PPF from layer IV to II / III (Metherate and Ashe, 1994; Ramoa and Sur, 1996) . Indeed, enhanced intracortical inhibition in RI␤ Ϫ neocortex could have prevented the induction of both LTP (Artola and Singer, 1987; Bear and K irkwood, 1993) and LTD (Dudek and Friedlander, 1996) , since PK A can potentiate (Kano and Konnerth, 1992) as well as depress GABA A receptor currents (Porter et al., 1990) . Although this possibility remains to be examined f urther, the abolition of paired-pulse facilitation clearly does not curtail ocular dominance plasticity.
In vitro models of ocular dominance plasticity
Although the onset of plasticity in vivo is clearly not related to the capacity for LTP generation in visual cortex, the end of the critical period has been correlated with a decreased ability to potentiate supragranular responses from the white matter (Kato et al., 1991; K irkwood et al., 1995 . The maturation of an inhibitory "plasticity gate" in middle cortical layers has been proposed to account for the loss of plasticity both in vivo and in vitro (K irkwood and Bear, 1994a; K irkwood et al., 1995) . Although an analogous "gate" is shut in RI␤ Ϫ mice in vitro, monocular deprivation and reverse suture produce robust plasticity in the intact animal. A similar dissociation between LTP in vitro and activity-dependent plasticity in vivo is seen in juvenile mice lacking ␣-calcium/calmodulin-dependent kinase II (␣CaMKII): barrel field reorganization is intact (Glazewski et al., 1996) and ocular dominance plasticity is impaired in only half the animals , whereas neocortical LTP (after TBS) is reported to be consistently reduced (Kirkwood et al., 1997) .
A further dissociation between LTP in vitro and neural plasticity in vivo is evident in recent comparisons between hippocampal spatial learning behavior and NMDA-R-dependent LTP (Bannerman et al., 1995; Barnes, 1995; Saucier and Cain, 1995; Nosten-Bertrand et al., 1996; Holscher et al., 1997b) or presynaptic mossy fiber LTP in PKA RI␤ mutants . Several manipulations that prevent depression of field potentials by low-frequency stimulation have also failed to predict the plasticity found in the intact animal (NMDA-R: Kasamatsu et al., 1998 ; metabotropic glutamate receptors: Hensch and Stryker, 1996; Yokoi et al., 1996; PKA C␤ and RI␤: Huang et al., 1995; Qi et al., 1996; Brandon et al., 1995 ; the present study). We conclude that assaying synaptic efficacy changes in extracellular field responses is not an accurate indicator of experience-dependent plasticity in vivo.
NMDA-R-dependent plasticity mechanisms could still play a vital role in cortical development, because the intracellular machinery to generate LTP in individual pyramidal cells was preserved in RI␤ Ϫ mutants. At thalamocortical synapses of barrel cortex, pairing low-frequency presynaptic stimulation with postsynaptic depolarization induces LTP only during the critical period for plasticity in vivo (Crair and Malenka, 1995; Isaac et al., 1997) . Pairing paradigms have also provided direct evidence that LTP is important for the activity-dependent formation of glutamatergic synapses in the hippocampus (Durand et al., 1996) , refuting earlier extracellular studies claiming that LTP occurs only at later stages of hippocampal development (Harris and Teyler, 1984; Bekenstein and Lothman, 1991; Dudek and Bear, 1993; Jackson et al., 1993; Battistin and Cherubini, 1994) . The differential efficacy with which TBS and pairing protocols induce LTP in RI␤ Ϫ mutants underscores previous observations in rat anterior cingulate cortex that potentiation of extracellular field potentials does not necessarily reflect the status of postsynaptic LTP mechanisms in the cortex (Sah and Nicoll, 1991) .
We may conclude at a minimum that the simple patterns of stimulation used to potentiate and depress extracellular field potentials in slices may not correspond to patterns of activity that are important for plasticity to occur in the intact brain. For example, TBS is believed to mimic intrinsic patterns of activity in the hippocampus (Rose and Dunwiddie, 1986; Holscher et al., 1997a) , but it is not clear whether this is also true for visual cortex. Distinct presynaptic release probabilities underlie differences in short-term plasticity between the hippocampus and neocortex (Finlayson and Cynader, 1995; Castro-Alamancos and Connors, 1997) . We have further observed that ascending connections in the binocular zone of visual cortex are more sensitive to RI␤ gene deletion than Schaeffer collateral synapses in hippocampal area CA1. A simple extrapolation of findings from the hippocampus in vitro to the neocortex in vivo therefore may be misleading. The unique properties of thalamocortical circuits must be better understood if we are to explore mechanisms of their experience-dependent development.
